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C-NDPURPOSE: To determine whether the scleral stroma is affected as much as the corneal stroma in
keratoconus.
SETTING: University Eye Clinic, Bern, Switzerland.
DESIGN: Comparative case-control study.
METHODS: Eyes with keratoconus (keratoconus group) and eyes of age-, sex-, and axial length–
matched controls (control group) were analyzed. Corneal videokeratometry and pachymetry were
performed using a Scheimpflug tomographer (Pentacam). For measurements of the peripheral
cornea and the anterior sclera, a spectral-domain anterior segment optical coherence
tomography device (Spectralis) was used.
RESULTS: The study group comprised 51 eyes and the control group, 50 eyes. The mean central
corneal thickness in the keratoconus group was statistically significantly lower than in the control
group (447.8 mmG 57.8 [SD] versus 550.5G 35.5 mm) (P < .0001). No significant difference in
the mean anterior scleral thickness was found between the keratoconus group and the control
group (479.1G 43.7 mm versus 474.2G 43.0 mm) (PZ.57).
CONCLUSION: Although corneal thinning was observed in keratoconus patients, the anterior scleral
stroma thickness in these patients seemed to be similar to that in healthy control eyes.
Financial Disclosure: No author has a financial or proprietary interest in any material or method
mentioned.
J Cataract Refract Surg 2015; 41:1073–1080Q 2015 The Authors. Published by Elsevier Inc. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).Keratoconus is a bilateral noninflammatory progressive
disease of the cornea. It is characterized by thinning and
ectasia of the corneawith subsequent irregular astigma-
tism and central scarring. With an incidence of approx-
imately 50 to 230 per 100 000 people, keratoconus is the
most frequent corneal dystrophy.1,2e 25, 2014.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Keratoconus was first described by Nottingham in
1854.3 Whereas corneal changes in keratoconus are
well documented, the exact mechanisms leading to
this sight-threatening disease are not yet known.4
One focus of keratoconus research with recent thera-
peutic advances in the realm of corneal crosslinking
has been on the composition of collagen in keratoco-
nus patients.5,6 The corneal stroma in the cone area
of keratoconus patients has significant differences in
collagen types XIII, XV, and XVIII.7,8 Furthermore,
certain types of connective tissue disorders, such as
Marfan syndrome and Ehlers-Danlos syndrome, are
associated with keratoconus, corroborating the role
of collagen in keratoconus pathogenesis.4,9,10
Although it has been known for more than a
century11 that corneas of keratoconus patients show
central corneal thinning, a recent study12 suggestshttp://dx.doi.org/10.1016/j.jcrs.2014.08.035 1073
0886-3350
1074 SCLERAL AND CORNEAL FINDINGS IN KERATOCONUSthat the thinning affects the corneal periphery as well.
Given the thinning of the cornea at the limbus and the
postulated relationship between the disease pathogen-
esis and collagen composition in the area of thinning,
it might be speculated that the sclera is involved
with the keratoconus disease process as well. In recent
years, optical coherence tomography (OCT) instru-
ments such as spectral-domain anterior segment
OCT (AS-OCT) devices have allowed noninvasive
measurements not only of the peripheral cornea but
also of the anterior sclera. In addition, modern kera-
tometry systems such as the Pentacam (Carl Zeiss
Meditec AG), which uses a rotating Scheimpflug cam-
era to generate elevation topography and aberration
maps, allow analysis of the peripheral cornea.13
The goal of this study was to evaluate the peripheral
cornea and the anterior sclera in keratoconus patients.
PATIENTS AND METHODS
This observational case-control study comprised subjects re-
cruited from the Department of Ophthalmology at Bern Uni-
versity Hospital, Bern, Switzerland, between July 2013 and
April 2014. The aimwas to assess scleral thickness in patients
with keratoconus using enhanced-depth AS-OCT. The study
was approved by the local ethics committee in Bern. AllJ CATARACT REFRACT SURGkeratoconus patients (keratoconus group) and control sub-
jects (control group) provided written informed consent.
Patients in the keratoconus group had a comprehensive
ophthalmic examination including assessment of corrected
distance visual acuity, slitlamp biomicroscopy followed by
corneal pachymetry and tomography with the Pentacam
rotating Scheimpflug camera, and imaging of the anterior
sclera using a spectral-domain OCT device (Spectralis
OCT) with an anterior segment module (Heidelberg Engi-
neering, Inc.).
Inclusion criteria for the keratoconus group were eyes
with established keratoconus, defined as the presence of at
least 2 of the following clinical signs: scissoring seen on reti-
noscopy, central or paracentral corneal thinningwith ectasia,
anterior corneal scarring, hemosiderin deposition (Fleischer
ring), posterior stromal striae (Vogt striae), or anterior
bulging of the cornea (Munson sign). The exclusion criterion
was previous perforating keratoplasty.
In addition to the clinical assessment, differentiation be-
tween keratoconus patients and healthy controls was made
using the D value, which was obtained from the rotating
Scheimpflug camera system. The D value is based on pachy-
metry and elevation using a linear regression analysis and
represents a keratoconus index that aims to detect early ectatic
disease.14 A final D value of 1.6 standard deviation (SD; SD
from the mean) or more is suspicious, and a D value of 2.6
SD or more is pathological. Therefore, in addition to the clin-
ical criteria, subjects with a D value of 2.6 SD or more were
considered keratoconus patients (Figure 1, A and B).Figure 1. Separation of the control
patients and keratoconus patients.
A: Rotating Scheimpflug camera
analysis of the right eye of a healthy
control patient and of a keratoco-
nus patient; the left column shows
the sagittal curvature of the corneal
front, and the right column shows
the corneal thickness. B: Distribu-
tion of the D values in the study
population (N Z 101 eyes). C:
Representative rotating Scheimp-
flug camera analysis of a right eye
showing the measurement loca-
tions. Corneal rings with radii of
1.0 mm, 2.0 mm, 3.0 mm, and
4.0 mm are located around the
thinnest location (0.0 mm). D:
Mean corneal thickness from the
thinnest location to the peripheral
cornea (*** Z P !.001, 1-way
ANOVA; ** Z P !.01, 1-way
ANOVA; KCZ keratoconus).
- VOL 41, MAY 2015
1075SCLERAL AND CORNEAL FINDINGS IN KERATOCONUSIn the rotating Scheimpflug camera analysis, the central
cornea (Figure 1, C) was defined as 0.0 mm in both groups.
Based on this central point, rings with radii of 1.0 mm,
2.0 mm, 3.0 mm, and 4.0 mm were defined, and the corneal
thickness was averaged along these rings. Furthermore, the
temporal, inferior, nasal, and superior corneal thicknesses
were measured on a ring with a radius of 1.5 mm around
the pupil center (Figure 2, B).
In addition to a pathological D value, any history or suspi-
cion of keratoconus and/or a corneal thickness less than
490mm(measured at the thinnest location) or anterior segment
pathology likely to interfere with scleral thickness measure-
ments were exclusion criteria for the control group. For OCT
imaging, the spectral-domain AS-OCT device was used and
the sclera mode with enhanced-depth imaging was chosen
with an OCT grid of 21 lines  21 lines each measuring 8.1
mm. The spectral-domain AS-OCT photographs were taken
with a resolution of 768  496 (381 KB) and a scan angle ofJ CATARACT REFRACT SURG15 degrees. Using Heidelberg Eye Explorer software (version
1.7.1.0, Heidelberg Engineering, Inc.), a 2.0 mm distance
from the scleral spur was measured in the superotemporal
(S–T), inferotemporal (I–T), superonasal (S–N), and infero-
nasal (I–N) quadrants (Figure 3,A). The sclera properwas dis-
cerned from the conjunctiva and the episclera by identifying
the deep episcleral vascular plexus (Figure 3, B). In each quad-
rant, at least 4OCTscanswere acquired, fromwhich 3with the
best image quality were chosen. (Each line in Figure 3, A, cor-
responds to an OCT scan.) The 3 measurements were aver-
aged for each quadrant for further analysis. Spectral-domain
AS-OCT images were measured by 3 masked observers
(B.S.,M.B.,C.T.) to assess themeasurement accuracy. The axial
length (AL)wasmeasured using partial coherence interferom-
etry (IOLMaster, Carl Zeiss Meditec AG).
Results are presented as themeanG SD. After normal dis-
tribution was confirmed using the D’Agostino and Pearson
omnibus normality test, analysis between the groups wasFigure 2. Corneal pachymetry us-
ing the rotating Scheimpflug cam-
era. A: Representative AS-OCT
image of a healthy (top) and a kera-
toconic (bottom) cornea. The red
arcs illustrate the approximately
spherical cornea of the healthy
subject and the irregular cornea of
the keratoconus (KC) patient. B:
Representative rotating Scheimp-
flug camera image of a right eye
illustrating the measurement
locations (I Z inferior quadrant;
N Z nasal quadrant; S Z superior
quadrant; TZ temporal quadrant)
located on a ring (radius 1.5 mm)
around the pupil center. C: Dot
plot showing corneal pachymetry
(meanG SD) of controls measured
in the temporal, inferior, nasal,
and superior quadrants (n Z 50)
(P ! .0001, 1-way ANOVA). D:
Dot plot showing corneal pachyme-
try (mean G SD) of keratoconus
patients (n Z 51) (P !.0001,
1-way ANOVA). E: Comparison of
the mean central corneal thickness
(mean G 95% confidence interval)
of control subjects and keratoconus
patients (NZ 101) (***Z P! .001,
unpaired t test).
- VOL 41, MAY 2015
Figure 3. Scleral pachymetry. A:
Infrared images showing the
location of scleral measurements
(IN Z inferonasal quadrant;
IT Z inferotemporal quadrant;
SN Z superonasal quadrant;
ST Z superotemporal quadrant).
Each green line corresponds to
an OCT scan. B: Representative
AS-OCT image of the sclera
(C Z cornea; CJ Z conjunctiva;
EZ corneal epithelium; EVZ epis-
cleral vessels; I Z iris; IA Z irido-
corneal angle; SS Z scleral spur;
STZ scleral thickness; TCZ Tenon
capsule; TFZ tear film). C: Dot plot
of scleral thickness measurements
(meanG SD) of controls measured
in 4 quadrants (nZ 50) (P! .0001,
1-way ANOVA). D: Dot plots of
scleral thickness (mean G SD) of
keratoconus (KC) patients (nZ 51)
(P ! .0001, 1-way ANOVA). E:
Comparison of the mean scleral
thickness (mean G 95% confi-
dence interval) of the control
subjects and keratoconus patients
(n Z 101) (ns Z not significant,
unpaired t test).
1076 SCLERAL AND CORNEAL FINDINGS IN KERATOCONUSperformed using the unpaired t test or 1-way analysis of
variance (ANOVA). The level of significance was 0.05 (2
sided) in all statistical tests. The Spearman correlation (r)
was applied for the correlation of Scheimpflug pachymetry
measurements with corneal thickness measurements using
AS-OCT, and results were displayed as Bland-Altman plots.
Statistical analysis was performed using Prism software
(version 6, Graphpad Software, Inc.).
RESULTS
The study included 55 subjects recruited between July
2013 and April 2014. The keratoconus group comprised
51 eyes of 29 patients (7women, 22men) and the control
group, 50 eyes of 26 patients (6 women, 20 men). The
mean age was 30.8 G 8.5 years (range 18 to 45 years)J CATARACT REFRACT SURGand 30.7G 6.3 years (range 22 to 49 years), respectively.
The keratoconus group and control group were compa-
rable in sex distribution and mean age (both PO.05). In
the keratoconus group, 7 single eyeswere excluded from
the study, 4 of them for having had keratoplasty and 3
for having a normal D value, as described above. Two
eyes were excluded in the control group because of the
presence of conjunctivitis and keratitis. Table 1 shows
the AL measurements, maximum simulated keratome-
try (K) reading, and corneal and scleral thicknesses.Corneal PachymetryMeasuring the corneal thickness at distances from
the thinnest location using a 1.0 mm, 2.0 mm,- VOL 41, MAY 2015
Table 1. Axial length measurements, maximum simulated K
reading, and corneal and scleral thicknesses by group.
Parameter
MeanG SD
P
Value*KC Group Control Group
AL, mm 24.48G 0.83 23.17G 1.45 .3
Kmax (D) 55.4G 7.5 44.2G 1.8 !.0001
Corneal thickness (mm)† 447.8G 57.8 550.5G 35.5 !.0001
Scleral thickness (mm)z 479.1G 43.7 474.2G 43.0 .5730
ALZ axial length; KCZ keratoconus; KmaxZmaximum simulated kera-
tometry reading
*Unpaired t test (NZ 101 eyes)
†At the thinnest location
zAverage of inferonasal, inferotemporal, superotemporal, superonasal
Table 2. Corneal pachymetry.
Parameter
Mean (mm)G SD
P Value*KC Group Control Group
Thinnest location 447.8G 57.8 550.5G 35.5 !.0001
Ring at 1.0 mm 472.6G 49.2 560.3G 35.8 !.0001
Ring at 2.0 mm 531.9G 35.4 589.2G 37.0 !.0001
Ring at 3.0 mm 603.4G 32.9 638.7G 40.1 !.0001
Ring at 4.0 mm 687.0G 50.4 716.4G 45.6 .0031
Temporal 567.7G 34.1 619.0G 41.1 !.0001
Inferior 564.7G 48.6 627.4G 39.2 !.0001
Nasal 594.9G 33.6 646.7G 45.0 !.0001
Superior 635.4G 48.7 675.1G 45.4 !.0001
KCZ keratoconus
*Unpaired t test (NZ 101 eyes)
Table 3. Scleral pachymetry.
Parameter
Mean (mm)G SD
P Value*KC Group Control Group
1077SCLERAL AND CORNEAL FINDINGS IN KERATOCONUS3.0 mm, and 4.0 mm circle showed that even though
the thinning was greatest at the central cornea in the
keratoconus group compared with the control group,
the peripheral cornea was also significantly thinner
in the keratoconus group. The results are shown in
Table 2 and Figure 1, D.
Corneal pachymetry measured temporally, inferi-
orly, nasally, and superiorly 1.5 mm from the pupil
center showed significantly thicker corneal measure-
ments in the superior quadrant followed by the nasal
and inferior quadrants (P !.0001, 1-way ANOVA)
(Figure 2, C and D). The results are shown in Table 2.
The mean corneal thickness in each quadrant was
significantly thinner in the keratoconus group than
in the control group (Figure 2, E).Superotemporal 445.8G 53.1 435.4G 43.3 .2893
Superonasal 445.3G 46.7 438.5G 46.0 .4717
Inferotemporal 491.1G 48.1 482.7G 49.3 .3870
Inferonasal 537.5G 48.9 537.2G 51.9 .9745Scleral Thickness Measurements: Enhanced-Depth
Spectral-Domain Anterior-Segment Optical
Coherence TomographyKCZ keratoconus
*Unpaired t test (NZ 101 eyes)The scleral thickness in the keratoconus group
increased from the S–T quadrant to the S–N quadrantJ CATARACT REFRACT SURGto the I–T quadrant to the I–N quadrant (Figure 3, D).
The control group had the same distribution
(Figure 3,C).Overall, therewas no significant difference
in scleral thickness between the keratoconus group and
the control group (Figure3,E). Table 3 shows the results.Factors Influencing Scleral Thickness
MeasurementsThe range of AL in both the keratoconus group and
the control group was 20.9 to 27.2 mm; there was a
positive correlation between the AL and the scleral
thickness (r Z 0.2518, P Z.01) (Figure 4, B). In addi-
tion, there was a strong dependency between sex
and scleral thickness measurements, with women
having statistically significantly decreased mean
anterior scleral thickness (P! .05) (Figure 4, A).Comparison Between Scheimpflug
and Spectral-Domain Anterior Segment Optical
Coherence TomographyThere was a good correlation between the 2
methods in both groups, as shown in the Bland-
Altman plots for agreement of the peripheral corneal
measurement between Scheimpflug corneal pachy-
metry at the 4.0 mm ring and spectral-domain
AS-OCT (Figure 4, C1 and C2). The corneal thickness
measurements by OCT were performed approxi-
mately 1.0 mm from the scleral spur and showed a
good correlation with the pachymetry values
from the rotating Scheimpflug camera (r Z 0.61,
P !.0001). Nevertheless, the Bland-Altman plots
show a tendency for the OCT method to yield thicker
peripheral corneal measurements than the rotating
Scheimpflug camera, with a mean difference of
approximately 45 mm (Figure 4, C1 and C2).DISCUSSION
Recent evidence has shown that in keratoconus,
corneal thinning is also present outside the cone- VOL 41, MAY 2015
Figure 4. Scleral thickness influenced by sex and by AL. A: Scleral thickness measurements (mean G 95% confidence interval) in individual
quadrants for women and men in the entire study population (NZ 101) (*Z P!.05, unpaired t test; ***Z P!.001, unpaired t test; INZ in-
feronasal quadrant; IT Z inferotemporal quadrant; SN Z superonasal quadrant; ST Z superotemporal quadrant). B: Scatterplot with linear
regression showing the correlation of AL with scleral thickness (n Z 99) (r Z 0.2518, P Z .01). Scleral thickness is the average of the S–T,
S–N, I–T, and I–N scleral thickness. C: Agreement of peripheral corneal pachymetry by rotating Scheimpflug camera and AS-OCT. C1:
Bland-Altman plot showing the agreement of the 2 methods for control subjects (n Z 50) (r Z 0.61, P !.0001) (Diff. Z difference). C2:
Bland-Altman plot showing the agreement of the 2 methods in keratoconus (KC) patients (nZ 46) (r Z 0.50, PZ.0003). Dotted lines define
the 95% confidence interval. Rotating Scheimpflug camera measurements were taken at the 4.0 mm ring.
1078 SCLERAL AND CORNEAL FINDINGS IN KERATOCONUSarea up to the limbus.12 Despite fundamentally
different optical properties of these 2 tissues, result-
ing mainly from the orientation of collagen fibrils,15
both the cornea and the sclera originate embryoni-
cally from the mesenchyme16 and have comparable
collagen content.15 Therefore, it might be speculated
that changes similar to thinning might also occur in
the sclera of eyes with keratoconus. In the cornea
and the sclera, the major collagen component is
type I, representing approximately 70% of the dry
weight in each.17,18 In addition, fibrils consisting of
types III, V, VI, and XII are present in both the cornea
and the sclera.15,19,20 To our knowledge, the present
study is the first to compare the anterior scleral thick-
ness in patients with diagnosed keratoconus withJ CATARACT REFRACT SURGthat in an age-matched and sex-matched healthy con-
trol group.
In addition to a strong genetic component,21,22
several biochemical and biomechanical factors, such
as chronic eye rubbing, contact lens wear, and atopy,
have been proposed as causes of disease development
in keratoconus patients.4 Histopathologically, a varia-
tion in the central and peripheral epithelial thickness
has been found. Furthermore, a majority of patients
showed marked thickening of the epithelial basement
membrane whereas the anterior limiting lamina was
thinned or lost, mainly in the area of the cone. Howev-
er, in a study examining 12 keratoconus corneas,23 the
peripheral cornea was affected as well, although to a
lesser extent.- VOL 41, MAY 2015
1079SCLERAL AND CORNEAL FINDINGS IN KERATOCONUSGiven the association of keratoconus with systemic
connective tissue diseases such as Ehlers-Danlos syn-
drome4 or Marfan syndrome, it has been suggested
that the composition of collagenplays a role in keratoco-
nus.10 Marfan syndrome is caused by mutations in the
FBN1 gene (MIM *134797), leading to alterations in
extracellular matrix protein fibrillin-1.24 Ehlers-Danlos
syndrome is caused by mutations in COL3A1 (MIM
*120180), which encodes the pro-a1 chains of type III
collagen, a fibrillar collagen that is found in connective
tissues frequently in association with type I collagen.25
Despite clinical observations such as blue sclera in
Ehlers-Danlos syndrome,26 there has been a lack of in-
formation regarding the scleral architecture and thick-
ness in patients with connective tissue disorders.
Two findings in our study merit further discussion.
We did not find any sign of axial elongation in our ker-
atoconus group compared with the control group.
This is in accordance with previous reports.27 Despite
the limited range of AL measurements, our study
showed a weak positive correlation of AL with scleral
thickness. Although this might at first seem counterin-
tuitive, it does not contradict previous studies inwhich
scleral thickness anterior to the equator was not posi-
tively correlated with AL.28 The other finding is the
strong sex dependency of scleral thickness measure-
ments. To our knowledge, this has not been reported
in the literature. Both findings have general implica-
tions for further studies of scleral thickness
measurements.
To compare corneal pachymetry values obtained
withOCT and the Pentacam rotating Scheimpflug cam-
era,wequantified a regionpresent onboth imagingmo-
dalities; that is, the peripheral cornea. Although there
was a good correlation between the rotating Scheimp-
flug camera and Spectralis spectral-domain AS-OCT
measurements, it is obvious from the Bland-Altman
plots that there was a tendency for the OCT method to
yield thicker peripheral corneal measurements than
the rotating Scheimpflug camera. We were able to
show that spectral-domain AS-OCT measurements are
useful to quantify scleral thickness in healthy subjects
and those with keratoconus and that scleral thickness
is highly variable between individual quadrants.
Our study has limitations, mainly the relatively
small sample. Furthermore, the variation in disease
severity in the keratoconus patients, represented by
the broad distribution of D values, caused an inhomo-
geneous study population in that group.
Our findings suggest that keratoconus leads to thin-
ning of the central and peripheral cornea but does not
affect the thickness of the anterior scleral stroma.
Further histological studies are necessary to conclu-
sively exclude microstructural alterations of scleral
collagen in patients with keratoconus.J CATARACT REFRACT SURG -WHAT WAS KNOWN
 Keratoconus leads to corneal thinning in the central
cornea but affects the peripheral cornea as well.WHAT THIS PAPER ADDS
 Keratoconus did not affect anterior scleral thickness.
 Scleral thickness values were influenced by AL and sex.
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